Mounting evidence suggests that immunological responses may be altered in endometriosis. The baboon (Papio anubis) is generally considered the best model of endometriosis pathogenesis. The objective of the current study was to investigate for the first time immunological changes within uterine and peritoneal draining lymph nodes in a nonhuman primate baboon model of endometriosis. Paraffin-embedded femoral lymph nodes were obtained from 22 normally cycling female baboons (induced endometriosis n ¼ 11; control n ¼ 11). Immunohistochemical staining was performed with antibodies for endometrial stromal cells, T cells, immature and mature dendritic cells, and B cells. Lymph nodes were evaluated using an automated cellular imaging system. Endometrial stromal cells were significantly increased in lymph nodes from animals with induced endometriosis, compared to control animals (P ¼ .033). In animals with induced endometriosis, some lymph node immune cell populations including T cells, dendritic cells and B cells were increased, suggesting an efficient early response or peritoneal drainage.
Introduction
Endometriosis is a benign gynecological condition which affects up to 10% to 15% of reproductive-aged women. The disease is characterized by the growth of lesions resembling the endometrium in sites outside the uterus. It is frequently associated with pelvic pain and infertility. 1 Despite extensive investigation, the pathophysiology of endometriosis is unclear, however, abnormal implantation of viable endometrial fragments shed at menstruation is the most widely accepted theory. It is hypothesized that sloughed endometrial fragments, disseminated via retrograde menstruation and the lymphatic and blood circulation, can implant and establish as endometriotic lesions at distant sites. [2] [3] [4] Endometriosis is an inflammatory condition, and mounting evidence suggests that dysregulated immune and other responses within the eutopic endometrium are likely to precede well-documented changes at ectopic sites. [5] [6] [7] [8] [9] [10] [11] Investigating immunological responses within the uterine-and lesiondraining lymph nodes (LNs) should be important in terms of trying to understand endometriosis pathophysiology. Endometriosis has invasive characteristics as endometrial tissue must attach to and invade the peritoneum, establish a blood supply, and continue to proliferate to form an ectopic lesion. [12] [13] [14] [15] Understanding lymphatic drainage is considered crucial in diagnosis, prognosis, and treatment of invasive diseases. Also, lymphatic spread is hypothesized to play a role in pathogenesis of endometriosis and is thought to account for displacement of endometrial cells at unusual locations, other than those that would otherwise be accessible to retrograde menstrual flow.
observed a significant increase in the numbers of CD10þ endometrial stromal cells and decreases in T cell, B cell, and dendritic cell (DC) populations in LNs from women with endometriosis compared to control participants. These findings are thought to reflect an increased dissemination of endometrial cells via the lymphatic circulation and a decreased ability of the immune system to effectively target endometrial tissue in women with endometriosis. These findings probably reflect the situation in well-established peritoneal disease.
Animal models of endometriosis are important for the investigation of disease pathogenesis and efficacy of therapeutic intervention strategies. The Olive baboon (Papio anubis) is generally considered to be the best model for study of endometriosis pathogenesis. Their reproductive anatomy and menstrual cycle are similar to that of humans, and baboons can develop spontaneous endometriosis. Endometriosis can be induced in baboons by inoculation of menstrual endometrium into the peritoneal cavity, a process which mimics Sampson's theory of retrograde menstruation. Baboons with induced disease show a range of functional molecular changes of the eutopic endometrium and ectopic lesions, which are similar to women with endometriosis. [24] [25] [26] Femoral LNs were selected for study due to a previous observation of the presence of cytotrophoblast within these nodes in normal cycling and pregnant animals. Cytotrophoblast was not seen in internal pelvic LNs, including obturator nodes (Fazleabas et al., unpublished data) . In the human, some efferent lymphatic vessels extend from the uterus to the femoral nodes. 27 Furthermore, femoral LNs also drain the abdominal wall and peritoneal cavity. 28 There are currently no published reports of leukocyte subsets in LNs from the baboon model of endometriosis.
This study has aimed to investigate endometrial stromal cells and immune cell populations within lymph nodes in a nonhuman primate model of endometriosis. These specific cell populations (CD10, CD3, CD20, DC-Lamp, and DCSign) were recently found to be altered in LNs from women with endometriosis, likely to reflect the situation in wellestablished peritoneal disease. 23 However, the baboon model allows us to investigate early disease establishment, and to gain insights into how therapeutic approaches (such as lesion excision) may affect the immune response and modulate disease progression. Understanding initial responses is crucial for developing more effective early intervention strategies.
Materials and Methods

Tissue Collection
Femoral LNs were obtained from 22 female baboons (Papio anubis). All animal studies were approved by the Animal Care Committee at the University of Illinois at Chicago. The LNs were collected from normally cycling animals, aged 7 to 12 years and 12 to 18 kg in weight. They were housed in individual cages in the Biological Research Laboratories of the University of Illinois. No spontaneous endometriosis was observed in these animals. Endometriosis was experimentally induced in 11 animals by intraperitoneal inoculation of menstrual endometrium in 2 consecutive menstrual cycles. Details of the inoculation procedure have been described previously. 29 Of the 11 animals with induced endometriosis, 6 had laparoscopic evaluation post inoculation without excision of endometriotic lesions (endometriosis without lesion excision ¼ EWE), and 5 had laparoscopic excision of endometriosis (endometriosis with lesion excision ¼ ELE). Control lymph node tissues were harvested from 5 normally cycling baboons during the secretory phase of the menstrual cycle and 6 normally cycling animals who had undergone evaluative laparoscopic procedures at the same time points as the diseased animals (time of disease induction and 1 and 6 months post induction; surgical controls) but with no induction of disease. Lymph nodes were collected 15 months after the initiation of experimental protocols. Tissues from all groups were collected between days 9 and 11 postovulation, which coincides with the window of uterine receptivity in the baboon.
Tissue samples were fixed in 10% buffered formalin and processed through a series of alcohols to paraffin wax according to a standardized protocol. Paraffin-embedded tissue blocks were cut at 4 mm and mounted onto glass slides. Dried slides were deparaffinised through xylene and a series of alcohols into water. Rehydrated slides were treated in alcohol-ammonia solution for 1 hour to remove formalin pigment.
Immunohistochemistry
Deparaffinized slides for immunohistochemical staining underwent antigen retrieval for 20 minutes at 95 to 99 C in preheated pH9 Target Retrieval Solution (Dako, Glostrup, Denmark). Dual Endogenous Enzyme Block (Dako, Glostrup, Denmark) was applied for 10 minutes followed by primary antibodies for 30 minutes as detailed in Table 1 .
EnVisionþ Dual Link System-horseradish peroxidise (HRP) detection system was applied for 30 minutes followed with Liquid Diaminobenzidineþ (DABþ) Substrate Chromagen System (Dako, Glostrup, Denmark) for 10 minutes. With the enzyme-substrate reaction, DABþ produced a brown end product at the site of the target antigen. The Dako Autostainer Plus Model S3400 (Dako, Glostrup, Denmark) was used to perform all immunostaining. Following immunostaining, slides were counterstained using Mayer's haematoxylin solution, dried, and cover-slipped using ultramount.
As a part of the optimization process, staining with isotype controls matched to the host species and working concentration of the primary antibody (mg/mL) was performed. All staining with isotype controls was negative.
Quantification
Staining intensity (brownness) and positive (brown) and negative (blue) areas were quantified using an ACIS Automated Cellular Imaging System (Dako, Glostrup, Denmark). With standardized tissue processing and immunostaining protocols, as used in this study, ACIS provides a sensitive, reproducible and accurate quantification of the expression of surface markers on and numbers of infiltrating leukocyte populations in LNs. [30] [31] Positive (light and dark brown) and negative (blue) color thresholds were set for each antibody. Free-hand regions were drawn to include the entire lymph node. Staining intensity measurements gave the average brownness of all positive pixels within the region, expressed as a number on a continuous scale from 0 to 255 (grayscale). Intensity measurements reflect the level of antigen expression within the tissue and provide an indication of functional status of that particular antigen. 32 The percentage of the total region area which was positively stained was determined from the brown and blue area measurements by the following:
This area measurement is a quantitative representation of the number of positive cells. 33 Regions for CD10 analysis were carefully drawn to exclude germinal centres within lymphoid follicles as some immature T and B precursors, as well as proliferating B cells and mature neutrophils, may weakly express CD10. 34 Remaining CD10þ cells displayed morphology and size consistent with endometrial stromal cells rather than lymphocytes.
Statistical Analyses
Statistical analyses were performed using SPSS 17.0 Statistical Analysis Software. The Mann-Whitney U test was used to compare intensity and percentage area between groups. Statistical significance was established at P values of less than .05.
Results
CD10þ endometrial stromal cells, CD3þ T cells, DC-Lampþ and DC-Signþ DCs, and CD20þ B cells were observed in baboon LNs (Figure 1) . The numbers and level of antigen expression of endometrial stromal cells and several immune cell populations were assessed in femoral LNs from animals with and without induced endometriosis, as detailed in Table 2 .
Effect of Induced Endometriosis on Lymph Node Cell Composition
The total group of animals with induced endometriosis (n ¼ 11) was compared with all control animals (n ¼ 11) in order to investigate the effects of the disease on CD10þ endometrial stromal cell area in femoral LNs. CD10þ cells were significantly increased in animals with induced endometriosis (area mean + SD ¼ 1.9 + 1.9 %), compared to controls without the disease as illustrated in Figure 2 (0.8 + 1.0; P ¼ .033, Mann-Whitney U Z ¼ -2.137).
The numbers of CD3þ, DC-Signþ, DC-Lamp, and CD20þ cells were generally higher in EWE compared to all control baboons; however, due to small numbers within groups, these trends did not reach significance (Figure 3) . A significant 
Effect of Endometriosis Lesion Excision on Lymph Node Cell Composition
Lesion excision did not appear to significantly alter lymph node cell composition in endometriosis-induced animals (ELE vs EWE groups; Table 2 ).
Effect of Surgical Intervention on Lymph Node Cell Composition
The effect of surgical intervention on lymph node cell composition was determined by comparing normal cycling controls (n ¼ 5) with all animals that had undergone surgery (ie, surgical controls, ELE and EWE groups; n ¼ 17). A strong trend suggested that DC-Signþ cell numbers were greater in LNs in all animals who had undergone surgery (13.3 + 8.5) in comparison to normal cycling controls (5.3 + 3.5; P ¼ .055, Z ¼ -1.919). The numbers of DC-Signþ cells were significantly increased in the surgical control group (16.9 + 9.9; n ¼ 6) compared to normal cycling controls (5.3 + 3.5; n ¼ 5; P ¼ .028, Z ¼ -2.191), as shown in Figure 4 .
Discussion
This preliminary study has for the first time investigated endometrial stromal and immune cell numbers and levels of antigen expression in uterine-and peritoneal-draining LNs from a nonhuman primate model of endometriosis. Our results suggest that subtle changes are occurring in femoral LNs following endometriosis induction, as well as in response to other interventions, such as evaluative laparoscopy and endometriotic lesion excision. In terms of the immunology of endometriosis, a major part of the value of the nonhuman primate model of induced endometriosis is the unique opportunity to investigate early response to lesion invasion. It is still unknown how the immune system responds to initial and early disease establishment in the human. The initiation of endometriosis in women is difficult to investigate, as there is a considerable delay from onset of lesion development to clinical diagnosis. [35] [36] [37] Furthermore, it is ethically difficult to address these questions in humans, and thus studies of animals with induced disease are beneficial in allowing us to characterize and better understand early immunological reactions associated with the pathophysiology of endometriosis.
We have demonstrated significantly increased presence of CD10þ endometrial stromal cells in femoral LNs of baboons with induced endometriosis compared to control animals. We recently made a similar statistically significant observation in uterine draining LNs from women with endometriosis. 23 Increased CD10þ cells in femoral LNs of baboons may be attributed to one of the following possibilities. Firstly, in addition to the transit of shed endometrial cells from the uterus to uterine-draining LNs, lymphatic drainage from the lesion site within the peritoneal cavity may directly contribute to delivery of CD10þ endometrial stromal cells to femoral LNs. Alternatively, induced endometriotic lesions in the baboon model of endometriosis may cause molecular changes within the eutopic endometrium of these animals. While the disease process is not identical, some evidence suggests that the eutopic endometrium of baboons with induced endometriosis exhibits some similar characteristics to the eutopic endometrium of women with endometriosis, in terms of reduced apoptosis, 26 and increased angiogenesis and proliferation. 24 This implies that shed endometrial fragments in animals with induced endometriosis may be more resistant to apoptosis and consequently remain viable in the LN environment for longer periods of time.
Analysis of immune cell composition in baboon LNs indicated a trend toward increased numbers of CD3þ T cells, DC-Signþ and DC-Lampþ DCs, and CD20þ B cells in animals with induced endometriosis, when compared to control animals. Changes in the level of antigen expression between baboons with induced endometriosis and control animals suggest an increased CD3, CD20, and DC-Lamp antigen expression in animals with induced endometriosis. It may be speculated that this is indicative of immune cell activation during initial stages of disease, however direct in vitro studies of cell activity and signaling are required to elucidate the physiological significance of small changes in the level of antigen expression.
These observations in the baboon model of induced endometriosis are in contrast to the finding of decreased immune cell numbers in obturator LNs from women with endometriosis in comparison to women without the disease. The decrease in immune cell numbers in obturator nodes from women with endometriosis is hypothesized to result from recruitment of these cells to eutopic endometrium and ectopic lesion sites. 23 The main reason for the different observations in the current study is likely to simply be that while femoral LNs receive some drainage from the uterus, these LNs also drain the peritoneal cavity and other structures. By contrast, obturator LNs mainly drain the uterus. In animals with induced disease, which undergo multiple surgical procedures, the peritoneal cavity is inflamed and there is a major influx of immune cells. 38, 39 Increased numbers of immune cells would almost certainly also be evident in the LNs draining the area.
Unlike samples from women with endometriosis, where the disease has been established for a length of time and lesion progression is advanced, LNs from the nonhuman primate model of induced endometriosis represent much earlier stages of disease establishment. The immune response to endometriosis almost certainly varies with the stage of disease/lesion development. In the early stages of endometriosis lesions, it may be expected that certain immune cells would be heavily recruited to the area in an attempt to clear the endometrial tissue from the peritoneum and prevent lesion progression. In the later stages of the disease, when attempts to combat lesion establishment have failed, we may expect decreased numbers and activation of certain immune cell populations in LNs. 23 Our results indicate that surgical intervention significantly increased the numbers of DC-Signþ cells within the animal LN. DC-Signþ cells are a population of immature DCs that play roles in initial stages of antigen recognition and capture. Previous studies have shown that intrapelvic injection of endometrium into the peritoneal cavity of baboons may increase the numbers of peritoneal leukocytes. 39 Serial laparoscopic evaluations over a number of months may cause inflammation of the peritoneal cavity in the baboon. 38 Increased presence of immature DCs in endometriosisinoculated animals and in surgical-control group animals, which were subjected to laparoscopic evaluation, is likely to be directly influenced by the surgically-induced peritoneal inflammatory response.
It is important to acknowledge the limitations associated with animal models of endometriosis. The animals from the present study had induced rather than spontaneously occurring endometriosis. Previous studies have indicated that the immune response to induced endometriosis is not identical to that of spontaneous disease. 40 Furthermore, sstatistical significance of results was difficult to establish due to small numbers within subgoups. It is very challenging to acquire optimum numbers of specimens from large nonhuman primates, not only because of the ethical concerns but also because of the cost-related issues.
Our study provides evidence for subtle but significant systemic immune changes in the nonhuman primate model of induced endometriosis. We have demonstrated significantly increased numbers of CD10þ endometrial stromal cells in femoral LNs of baboons with induced endometriosis compared to control animals. We have also documented increased presence of immune cells into LNs draining the uterus and the peritoneal cavity in animals with induced disease. It is thought that this influx may be reflecting a primary response to the early months of disease establishment, a process which is extremely difficult to study in women. The nonhuman primate model of induced endometriosis is crucial in enabling us to understand how early immune responses may attempt to prevent or modify endometriotic lesion establishment and how immune parameters may alter following lesion excision.
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